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Abstract 
The thermodynamic behaviors analysis for the transient flow of a compressible gas in a duct after an accidental rupture is 
undertaken based on the numerical simulation, which is performed by solving the coupled conservation equations, momentum 
equations and energy equations of an axisymmetric, transient, viscous flow. Applied in high temperature and high pressure 
atmosphere, super high temperature gas-carrying duct is constructed in structure as: thermal insulating media is installed between 
the liner tube and the outer wall of the hot gas duct. This structure is widely used in engineering such as the pipeline of the 
nuclear reactor, oil transportation and aerospace engineering. The pressure and the temperature, and their corresponding 
differences in insulating media and depressurization channel are calculated numerically. The results show that the 
depressurization rates in the insulting media and depressurization channel are much lower than that in the hot gas duct, and due to 
the insulting media, the max pressure differences vary with different amplitudes of depressurization. Compared the results with 
available experimental and numerical data conducted by Weber, they share the same trends though there are differences between 
the simulation and the experimental results, and the comparisons validate the effectiveness of the model and method. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
Super-high temperature gas-carrying duct is used to transport gas fluid with high temperature and high pressure, 
which is operated in temperature up to 1100qC and in pressure up to 10 MPa. It is an indispensable component for 
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super-high temperature helium cooled nuclear reactor, which is one candidate among the six prospective IV 
generation nuclear plants [1], as claimed by the Nuclear Regulation Commission of the United States. Such a duct is 
applied to transport super-high temperature helium gas from reactor to helium turbine or high temperature 
applications, such as high-temperature industrial processes, hydrogen generation [2] etc.  
Due to being subjected to the severe operating conditions and being limited by material, the super-high 
temperature gas duct must be internally thermally-isolated to reduce the temperature of pressure-resistant tubing. 
The construction of the hot gas duct is shown in Fig. 1. The insulation is divided into separated gastight chambers 
with depressurization holes at one axial position for each chamber. Insulating fibrous material, in the shape of mats, 
is wrapped tightly and stuffed up between a liner and a perforated tube. During normal operations, no pressure 
differences appear over the hot internal constraints of the insulation. However, under the exposition of 
depressurization in some accidents, pressure difference develops over the two sides of the perforated tube due to the 
great flow resistance of insulation and flow choking at perforated holes. Thus, transient analyses for 
depressurization are necessary for the structural integrity of the hot gas duct.  
Weber [3] has carried out the experiments and used a simple one-dimensional model to calculate pressure 
transient at rapid depressurization for hot gas duct with similar structure as in Fig. 1. In his model, a very 
simplification for calculating the flow resistance over insulation mats was assumed. The thermal anisotropy of the 
insulation and viscosity are not considered in the model, both of which however have great effect on 
depressurization transient in hot gas duct, especially the former.  
On the flow behaviours over the insulation material, it is usually treated as porous media in numerical 
simulations by permeability and porosity considering its flow resistance, which was widely used to simulate the 
seepage, percolation of fluid over porous materials. In this study, based on the physical and manufacturing features 
of thermal insulation, a numerical model of simulating transient depressurization of hot gas duct is built up, with the 
consideration of thermal anisotropic behaviours of insulation and fluid viscosity in the model.  
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Fig. 1. The Diagram of the Test Insulation 
 
Nomenclature 
Pop operating pressure of the system   P static pressure 
ρ the density of fluid     M gas molecular    
T temperature of the system    S  momentum source   
μ viscosity coefficient of fluid   I unit tensor    
Keff effective thermal conductivity coefficient  Sk source term of energy equation  
2. Governing Equations 
The compressible gas in depressurization channel can be numerically simulated by coupling the standard 
continuity equation, momentum equation and energy equation. The gas inside the channel is assumed as ideal gas, 
which follows the ideal gas equation of state as follows: 
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A source term is added in the momentum equation of the standard fluid flow equations, which is to simulate the 
flow resistance inside the insulating fibrous material [4]. The source includes the Darcy viscosity resistance, and the 
inertia resistance. 
3. Boundary conditions 
The issues can be simplified by means of the computational model of symmetric geometry: the 2D 
axisymmetric model. The compressible model is adopted because of the large depressurization rates, and the 
anisotropy of the insulating fibrous material is considered. The numerical results are compared with the 
experimental results to validate the accuracy and reliability. 
The boundary conditions of the system together with the general locations of pressures and temperatures 
monitoring sites are shown in Fig. 2: Region 1, Region 2, and Region 3 are the thermal insulation zone, the 
depressurization channel and the depressurization zone of the hot gas duct, respectively. There are uniform annular 
gaps on the wall between Region 1 and Region 2, while there is only one annular gap at the right side of Region 3, 
the arrows indicate flow direction when pressure decreases. 
The pressure inside the hot gas duct is given by: p=p0+Ƹp·(1-e-t/0.00181) bar. The transient process is assumed 
adiabatic because of the rapid depressurization process. The initial calculation results of steady state are utilized as 
the initial values of the non-steady calculation.  
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Fig. 2. The Boundary Conditions for Computational Simulation 
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4. Results and discussion 
The pressure inside the hot gas duct decreases rapidly during initial stage, which forms the pressure gradient: 
p1>p2, p1>p3 (as shown in Fig. 3). The pressure inside thermal insulation is much larger than that inside the hot gas 
duct because of the internal resistance and the annular gap size, and the gas near the gap flow faster because of the 
large pressure difference. 
The transient pressure differences p3-p5 under different depressurization rates are shown in Fig.4, the 
maximum pressure differences are proportional to depressurization rates, and the peak time shifts to the right as 
rates increase, other pressure differences share the same trend. The fluctuation is relatively small with large 
depressurization rate. The impact of transient pressure on gas density should be considered and the gas fluid is 
closer to the ideal compressible gas with larger depressurization rate, and therefore the simulation results at large 
depressurization rates are more accurate. 
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Fig. 3. The Pressures in Fibrous Media 
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Fig. 4. Maximum Pressures 
The pressure differences are proportional to depressurization rates (as can be seen from Fig. 4), which share the 
same trends with the experimental results conducted by Weber [5]. The temperature inside the thermal insulation 
decreases slowly, while that in the depressurization channel decreases rapidly, shown in Fig. 5. The reason is that 
the energy the gas carries flow into the hot gas duct, and besides, part of the gas energy transfer into kinetic energy. 
The thermal insulation and the gas share the same temperature at the initial moment, and afterwards there will be a 
heat transfer between them, so the rate of temperature decrease inside the fibrous media is relatively smaller. 
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Fig. 5. Temperatures in the Fibrous Media 
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Fig. 6. The Transient Pressure Differences 
  
The pressure difference between the two sides of the gap has a great impact on the mass flow rate. The mass 
flow rate is proportional to the pressure difference, therefore the mass flow rate share the same general trend, as the 
Fig. 6 shows, and as time goes on, the trend goes flat. 
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5. Conclusions 
The physical and manufacturing features of thermal insulation are considered and 2D axisymmetric model of 
simulating transient depressurization of hot gas duct is built up, with the consideration of thermal anisotropic 
behaviours of insulation as well as fluid viscosity along axial and radial directions. The numerically simulated 
pressures inside the thermal insulation and depressurization channel, together with their corresponding differences 
and maximum pressure differences, are compared with the experimental data conducted by Weber. There are 
differences between the simulation and experimental results through the comparison and analysis, however they 
share the same trends, and it can be confirmed that the temperatures and mass flow rates are reasonable; the 
temperature inside the thermal insulation decreases slowly compared to that in the depressurization channel and hot 
gas duct, and the mass flow rates are proportional to the pressure differences, and to the depressurization rates as 
well. 
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